Background/aims-Well dilated pupils make eye surgery easier. A classic twin study was established to examine the relative importance of genes and environment in the variance of pupil size after mydriasis, and to examine the eVects of other factors such as age, iris colour, and refractive error. Methods-506 twin pairs, 226 monozygotic (MZ) and 280 dizygotic (DZ), aged 49-79 (mean age 62.2 years, SD 5.7) were examined. Dilated pupil size was measured using a standardised grid superimposed over digital retroillumination images taken 50-70 minutes after mydriasis using tropicamide 1% and phenylephrine 10%. Univariate maximum likelihood model fitting was used to estimate genetic and environmental variance components. Results-Dilated pupil size was more highly correlated in MZ compared with DZ twins (intraclass correlation coeYcients 0.82 and 0.39 respectively). A model specifying additive genetic and unique environmental factors showed the best fit to the data, yielding a heritability of 78-80%. Individual environmental factors explained 18-19% of the variance in this population. Age only accounted for 2-3% of the variance and refractive error and iris colour did not significantly contribute to the variance. Conclusions-Pupil size after mydriasis is largely genetically determined, with a heritability of up to 80%. (Br J Ophthalmol 2000;84:1173-1176 In clinical practice there is a wide variation in pupil size after mydriasis. Large pupils make cataract surgery easier and quicker 1 and allow for more thorough examination of peripheral retina, which may be important in the success of retinal detachment surgery. Some conditions are known to reduce the size of dilated pupils, such as diabetes mellitus and pseudoexfoliation. However, it is not known to what extent genes and environment are important in determining the size of pupils in the population.
In clinical practice there is a wide variation in pupil size after mydriasis. Large pupils make cataract surgery easier and quicker 1 and allow for more thorough examination of peripheral retina, which may be important in the success of retinal detachment surgery. Some conditions are known to reduce the size of dilated pupils, such as diabetes mellitus and pseudoexfoliation. However, it is not known to what extent genes and environment are important in determining the size of pupils in the population.
Twin studies have been described as the "perfect natural experiment" to decide between the relative importance of genetic and environmental factors. 2 They are based on comparison of the concordance between identical or monozygotic (MZ) twin pairs and nonidentical or dizygotic (DZ) twins. MZ twins share the same genes and DZ twins share only half of their genes; any greater similarity between MZ twins can therefore be attributed to this additional genetic sharing. A classic twin study was performed to examine the heritability of pupil size after mydriasis. Dilated pupil size was measured in a large sample of twins and quantitative genetic modelling used to estimate the relative role of genes and environment. In addition, other factors such as the eVect of iris colour, age, and refractive error on pupil size were studied.
Methods

SUBJECTS
In all, 226 monozygotic (MZ) and 280 dizygotic (DZ) female white twin pairs recruited through the St Thomas's UK adult twin registry were examined. They were ascertained from the general population through national media campaigns in the United Kingdom. 3 Local ethics committee approval was obtained. As part of a study into age related eye disease, twins between the ages of 49 and 79 were invited to attend an eye examination and informed consent was obtained. Zygosity was determined by standardised questionnaire 4 , and confirmed by DNA short tandem repeat fingerprinting in approximately 40% of twin pairs where zygosity was uncertain. Of the 506 pairs of twins (2024 eyes), 63 eyes were excluded from analysis of pupil size: 24 eyes were pseudophakic, 11 were ungradable due to previous eye surgery or injury and data from 28 eyes was missing.
MEASUREMENTS
Pupils were dilated with one drop of tropicamide 1% followed 45 seconds later by one drop of phenylephrine 10%. Eyes were photographed 50-70 minutes later using a digital retroillumination camera (Marcher Instruments Ltd) and pupil size measured by superimposing a standardised grid over these images.
A reproducibility study was performed on 30 of the twins: retroillumination photographs were repeated 1-6 months after the initial visit. The intraclass correlation between pupil size on the two occasions was 0.89 (p<0.001). A further repeatability study of the assessment of the images was performed when pupil sizes were measured again from 60 randomly chosen images: the intraclass correlation coeYcient was 0.97 (p<0.001).
ANALYTICAL APPROACH Details of model fitting to twin data have been described elsewhere. 5 6 In short, the technique is based on the comparison of the variance covariance matrices in MZ and DZ twin pairs and allows separation of the observed phenotypic variance into additive (A) or dominant (D) genetic components and common (C) or unique (E) environmental components using structural equation modelling. E also contains measurement error. Dividing each of these components by the total variance yields the diVerent standardised components of variance-for example, the heritability (h 2 ) which can be defined as the ratio of additive genetic variance to total phenotypic variance.
As twins share the same age, correlations for both MZ and DZ pairs will be inflated if age significantly aVects pupil size. If not accounted for, the eVect of age is confounded with C, their common environment. 7 As age was correlated with pupil size, it was incorporated into the model to allow estimation of its eVect on the variance within the population. Figure 1 illustrates the twin model used for analysis.
MODEL FITTING PROCEDURE
A series of models were fitted to the variance covariance matrices. The significance of variance components A, C, D, and age was assessed by testing the deterioration in model fit after each component was dropped from the full model, leading to a model with as few parameters as possible. Submodels were compared with the full model by hierarchic 2 tests. The diVerence in 2 values between submodel and full model is itself approximately distributed as 2 , with degrees of freedom (df) equal to the diVerence in df of submodel and full model. Model selection was also guided by Akaike's information criterion (AIC = 2 − 2df). The model with the lowest AIC reflects the best balance between goodness of fit and parsimony.
STATISTICAL SOFTWARE Data handling and preliminary analyses were done with STATA. 8 All genetic modelling was carried out with Mx. 9 
Results
The mean age of the 226 MZ twin pairs was 62.4 years (SD 5.7) with a range of 51-75 years and the mean age of the 280 DZ twins was 62.1 years (SD 5.7) ranging from 49 to 79. Table 1 displays the mean (SD) pupil size for the subjects and the number of twin pairs included in each analysis. Pupil sizes were similar for right and left eyes and in MZ and DZ twin pairs. Scatter plots for right pupil size for MZ and DZ twin pairs (Fig 2) demonstrated a stronger correlation for MZ twin pairs. The intraclass correlation coeYcients for pupil size reflecting within twin similarity confirmed this (Table 1) : the MZ correlation of 0.82 is double the DZ correlation of 0.39, suggesting an important genetic eVect on pupil size after mydriasis.
Other factors that might aVect pupil size were eye colour, age, and refractive error. Table  2 demonstrates that iris colour had no clinically significant eVect on pupil size. The overall mean pupil size was 7.80 mm, with blue eyes dilating least, but they dilated only 0.1 mm less than brown, green, and hazel irides. Pupil size after mydriasis tended to decrease with age, with a correlation coeYcient of −0.15. Age was therefore included in subsequent genetic modelling. Pupil size was weakly and inversely correlated with spherical equivalent (r = −0.10), but modelling showed that refractive error contributed less than 1% to the variance of pupil size, so this was excluded from further analysis.
Univariate modelling of pupil sizes was performed (Table 3 ). The best fitting AE model suggested that the variance of pupil size is explained by additive genes and unique environment. Both C and D (common family environment and dominant genetic eVect) could be dropped with no significant loss of fit, but if the eVect of A (additive genes) or age was removed there was a significant loss of fit.
Standardised parameter estimates for the best fitting models are listed in Table 4 . It shows the heritability of dilated pupil size was 78-80%. Age only explained 2-3% of the variance, with the rest of the variance (18-19%) explained by unique environment.
Discussion
Pupil size after mydriasis is strongly heritable, with additive genes explaining up to 80% of the The high correlation within MZ twin pairs in this study is similar to the only previous twin study of five MZ and five DZ twin pairs which showed a correlation for non-dilated pupil size as well as the eVect of phenylephrine. 10 That study showed no significant correlation for DZ twins, which is surprising for an inherited trait since DZ twins share 50% of their genetic material as MZ twins, but undoubtedly reflects the insignificant numbers.
Pupil size was measured at around 60 minutes after instillation of the mydriatics, the time that has been reported for maximal eVect of phenylephrine alone 11 or in combination with tropicamide. 12 The high reproducibility score in this study agrees with other studies of the reproducibility of pupil size after mydriasis within individuals. 13 This study only examined final pupil size, and so it cannot be certain whether the strong genetic influence is on actual maximum pupil size or on the response to mydriatics. Bertler and Smith's previous twin study found a high MZ correlation for initial pupil size and no diVerence in the rate of dilatation between MZ and DZ twins, 10 suggesting that the genes determine mydriasis not in response to drug or dose, but determine the maximal possible size of the pupil. If pupil size is largely genetically determined, the tendency among surgeons to instil further mydriatics when a pupil does not dilate well, with potential for systemic toxicity, may be inappropriate. However, this study did not assess whether further doses would influence final pupil size.
Although the MZ twins are highly correlated they are not exactly the same. Even in traits that are highly heritable, such as height, the correlation is rarely above 0.8-0.9, and for greater similarity one would have to conjecture a 100% heritable trait with 100% penetrance with no measurement error eVects or environmental influence. Classic twin studies estimate the contribution of genes and environment to a trait's variance in a population, but cannot separate measurement error, dose eVects, and other possible environmental eVects in individuals.
The observation that dilated pupil size decreases with age and that it does not correlate with iris colour confirms other studies. 12 Although myopic eyes are significantly longer than hypermetropic eyes, refractive error contributed less than 1% to the variance of dilated pupil size, suggesting that the scleral enlargement of myopia does not significantly aVect final pupil size. Pseudophakic individuals were excluded from this study, as cataract surgery has been shown to aVect pupil size, 14 although with modern phacoemulsification procedures causing less iris trauma than previous surgical techniques, this may be less relevant.
This twin study should be generalisable to the population as twins on the whole do not diVer from singletons. 15 However, heritability is a population specific estimate: our figure applies to this population of middle aged British white women and may diVer for other ethnic groups 16 or those with diVerent environmental circumstances.
In conclusion, pupil size after mydriasis is strongly genetically determined, and this explains the wide variation seen in clinical practice. Age explains up to 3% of the variance, but iris colour and refractive error have little eVect on dilated pupil size. Whether diVerent doses of mydriatics are needed in genetically diverse individuals remains to be seen.
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